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We report on the investigation of Al single electron struc- 
tures equipped with miniature (8 )im long) on-chip Cr re- 
sistors of R > Rk = h/e 2 pa 26kf2. From the measure- 
ment of the Coulomb blockade in single-junction structures 
we evaluated the self-capacitance of our resistors per unit 
length, c pa 62 aF/^im. We demonstrate that the cotunneling 
current in the transistor samples in the Coulomb blockade 
regime obeys the power law, / oc V 3+(R ^ Rk \ predicted by 
Odintsov, Bubanja and Schon for a transistor having pure 
ohmic-resistance leads. The concept of the three-junction 
single electron pump with on-chip resistors (R-pump) is de- 
veloped. We demonstrate that the implementation of the R- 
pump with a relative accuracy of the electron transfer of 10 -s 
is quite feasible with the technology available. 

PACS numbers: 73.40. Gk, 73.23.Hk 



I. INTRODUCTION 

After the pioneering work by Averin and Likharev |Q , 
predicting the single electron tunneling (SET) effects in 
current-biased junctions of small intrinsic capacitance, 
the series of experimental papers on metallic tunnel junc- 
tion circuits with on-chip resistors was published (see, 
for example, Refs. The miniature resistors make 

it possible to realize a high environmental impedance 
|Z(w)| 3> Rk = h/e 2 pa 25.8 kSl in rather wide frequency 
range. Such an isolation of the tunnel junctions from a 
power source generally results in an enhancement of the 
Coulomb blockade in the I — V curve of a SET device. 

In particular, a high-ohmic compact resistor R con- 
nected in series with a single tunnel junction ensures that 
the pronounced Coulomb blockade is observed (see, for 
example, Ref. ||). Moreover, a sufficiently large R al- 
lows the coherent SET jl[] and Bloch ^ oscillations to 
be observed |||| in these current-biased circuits. 

There is still another important advantage of the SET 
circuits with high-ohmic resistors, which up to date has 
not been tested in practice. Namely, in the Coulomb 
blockade state, these circuits can have an extremely low 
cotunneling current (i.e. the current component asso- 
ciated with coherent tunneling of an electron simulta- 
neously over several junctions |l(|). In the process of 
cotunneling, the electromagnetic environment with large 
dissipation (a resistor of magnitude R > Rk) can absorb 
a considerable part of the electron energy eV, which then 
is distributed over the numerous internal degrees of free- 
dom of this dissipative environment. As a result, the 



cotunneling probability is drastically reduced. 

The theory of cotunneling in A-junction arrays with 
resistors has been developed by Odintsov, et al. Jll| for 
N = 2 and generalized by Golubev and Zaikin |12] for 
N > 2. They showed that at T — the cotunneling 
contribution to the I — V curve in the Coulomb blockade 
regime obeys the power law 

IocV n , rj = 2(N + z)-l, (1) 

with the dimensionless parameter z = R/Rk- In this 
paper we report on the first experimental observation of 
this effect in the normal Al SET structures with com- 
pact Cr resistors and discuss its possible impact on the 
performance characteristics of SET devices and the three- 
junction SET pump in particular. 

II. EXPERIMENT 
A. Fabrication technique and sample layout 

The metallic SET structures were deposited on the 
thermally oxidized surface (SiC>2 layer of thickness of 
ca. 300 nm) of a Si wafer (about 300 //m thick). 
The tunnel junctions and microstrip resistors were fabri- 
cated in situ by the shadow evaporation technique fTs] ] 
through the trilayer mask patterned by e-beam lithog- 
raphy and reactive-ion etching. At three different an- 
gles, we then deposited three metal layers: Cr (8-10 nm 
thick), then Al (30 nm), and, after oxidation, again Al 
(35 nm). The tunnel junctions had nominal dimensions 
of 80 nm by 80 nm, resulting in the junction capaci- 
tance Cj pa 0.15 — 0.2 fF (or the junction charging en- 
ergy E c — e 2 /2Cj pa 0.4 — 0.5 meV) and tunnel resistance 
Rj pa 60 — 250 Ml. An example of the resulting structure, 
a SET transistor with resistors (we will call it R-SET) is 
depicted in Fig. |l]. 

The Cr microstrips (shown only partially in the SEM 
photo, Fig. pt) had the nominal lateral dimensions of 
w = 80 nm by £ — 8 (im and a resistance per unit length 
r of up to 10 kfi/jum (or R n = rw up to 800 f2 per 
square). The total dc resistance R pa 30 — 80 kfi of Cr 
strips normally did not exceed Rj. (This ensured estab- 
lishing of the charge equilibrium before a tunneling event 
occurs, i.e. the condition assumed in theory pj .) On the 
other hand, these resistance magnitudes corresponded to 
substantial values of parameter z pa 1 — 3. These val- 
ues should ensure the strong suppression of cotunneling, 
which, according to Eq.(l), is equivalent to the action of 
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one to three additional tunnel junctions attached to the 
original structure. 



B. Characterization of resistors 

The resistors exhibited practically linear I — V char- 
acteristics at temperatures down to the lowest temper- 
ature of our measurements T — 15 mK. An example of 
the derivative plot dl/dV — V is presented in Fig. g. The 
strictly linear behavior of our resistors (at least those 
having R < 50 kf2 or R a < 500 SI per square) compares 
favorably with that of the long arrays of tunnel junctions 
[g], which can hardly model the real metallic resistance 
behavior. Due to the inherent Coulomb blockade, these 
arrays usually exhibit considerable non-linearity at small 
voltages, that limits their application. 

The microstrip resistor generally presents a lossy trans- 
mission line with an inductance per unit length, C ~ 
fio ~ 1-26 pH//im which reactance at characteristic fre- 
quencies of 10-100 GHz is negligibly small, < 1 £l//im <C 
r. The distributed capacitance of this i?C-line was found 
experimentally from the normal-state I-V characteristics 
of the single-junction structures with such resistors. Our 
idea was based on the fact that at T — the second 
derivative of the I-V curve should mimic the function 
P{E) determined by impedance Z(u) (see, for example, 
the review paper ]T^|), 



(2) 



Function P(E) plays an important role in the "environ- 
ment" theory of tunneling where it describes the proba- 
bility of the transfer of energy E to the external circuit 
in a tunneling event. 

First we measured the dl/dV-V curves and then de- 
rived the d 2 I/dV 2 -V curves and averaged them over sev- 
eral runs. Then we fitted the obtained curves with those 
computed from theory |Q for the particular case of a 
i?C-line impedance. The line resistance r was taken 
from the dc measurements while the line capacitance 
per unit length c was the fitting parameter. The re- 
sulting fit is shown in Fig. ||. It gave the value of spe- 
cific capacitance c rj 62 aF//im or total capacitance 
Co = c£ «s 500 aF of the whole line. A similar estima- 
tion, c ss 60 aF//xm, was made by Kuzmin et al. |T5| ] 
from the shape of the supercurrent bump in the I — V 
characteristic of a small Josephson junction attached to 
0.1 /im-wide and 28 /zm-long Cr resistors. 



C. Measurements of cotunneling current 

For evaluating the effect of cotunneling in Al-Cr cir- 
cuits, we performed measurements of the I — V curves of 
R-SETs. Qualitatively similar to I — V curves of SET 
transistors without resistors, the I — V curves of our 



structures were featured by a sharp Coulomb blockade 
corner and a steep decrease of / inside the blockade re- 
gion (typical of SET arrays with a large number of junc- 
tions N > 2). This pointed to a strong suppression of 
the cotunneling current due to the attached resistors. 

To obtain higher accuracy of measurement inside the 
Coulomb blockade region, the lock-in technique was ap- 
plied. The log-log plot of the I — V curves of three dif- 
ferent samples is presented in Fig. [|. The electric pa- 
rameters of these samples are compiled in Table I. The 
reference sample 1 (without resistors) shows a cubic de- 
crease of current, r/ = 3, which is typical of the low- 
temperature behavior of ordinary SET transistors p6[ . 
The experimental data for R-SET samples 2 and 3 with 
resistors of 40 kfi and 80 kfi, respectively, measured in 
the range 0.2 mV < V < 0.4 mV demonstrate a much 
steeper decay, r\ — 2z + 3 « 6-9. 



III. SUPPRESSION OF COTUNNELING BY 
ON-CHIP RESISTORS 

We found that the behavior of R-SETs is well described 
by Eq.(l) in the range of the bias voltage up to V f» 
200 — 400 fiV. This fact is still surprising because Eq.(l) 
was derived for the pure ohmic impedance, which for our 
samples is realized for substantially lower voltages, V < 
Vrc = h^Rc/e « 15 — 30 fiV, where 



n 



1 



RC 



RCq 



(2.4-4.8) x 10 



10 -1 
s , 



(3) 



the roll-off frequency of the transmission line (see Fig. ||). 
Moreover, the range of applicability of Eq.(l) was found 
to be extended even somewhat beyond the voltages V c — 
hQ c /e, where 
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the frequency at which the real part of the line impedance 
drops down to the level ReZ(w) = Rk (see Fig. [H]). In 
our case, V c f» 70 //V and 140 /zV for samples 2 and 3, 
respectively. 

The data show, that the effect of the resistive mi- 
crostrips is very close to that of pure resistors in sub- 
stantially wider than expected range of voltage. This 
disparity between the encouraging experimental results 
and rather conservative predictions of theory JTTJ ] is most 
likely because of the theoretical model which does not 
take into account a non-ohmic dispersion of real resistors. 
That is why a more general approach (which deals with 
the i?C-line environment) is urgently needed. Such the- 
ory should give the quantitative answer to the question 
what the optimum length £ of a resistor is which causes 
an effective suppression of cotunneling in the whole range 
of the Coulomb blockade. So far we accept the empirical 
criterion I ~ ZCj/c. 
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Another important experimental issue is the measure- 
ment of very low cotunneling current. The accuracy of 
both dc and lock-in measurements is severely limited by 
the noise of preamplifier. However, there is more effi- 
cient way to evaluate very small /: it is to count indi- 
vidual electrons carrying this current. The experiment of 
this kind was recently carried out by Lotkhov et al. ]T^ ] 
with a four-junction chain of tunnel junctions attached 
on one side to a voltage source through a 50 kil resistor 
(identical to those described in this paper) and, on the 
other side, to a so-called memory island. The change of 
the number of electrons on the memory island was reli- 
ably measured by a SET electrometer capacitively cou- 
pled to that island. Due to the presence of the resistor, 
this so-called R-trap demonstrated an amazing capabil- 
ity of holding the electric charge (or, in other terms, of 
not leaking) over hours. This characteristic is more than 
three orders of magnitude better that that of the ordi- 
nary four-junction chains without resistors. [fl8| In fact, 
it is comparable to that of the devices consisting of N = 
6-7 junctions |T9|]2C| ] in which the cotunneling is drasti- 
cally suppressed because of a large number of junctions in 
the chains. Thus, the experiment [ fl7| complements the 
present study of cotunneling current suppression from the 
side of very low currents. 



IV. TOWARDS THE R-PUMP 

The results of our experiments encourage us to further 
develop the family of fewer-junction SET circuits with 
on-chip resistors. These circuits can have an extremely 
small cotunneling component while the sequential tunnel- 
ing component of SET can still be efficiently controlled 
by gates. The most attractive devices are the SET turn- 
stile and pump with local resistors, or R-turnstile and 
R-pump, respectively. They are capable of carrying an 
accurate dc current I = ef, where / is the frequency of 
the rf drive applied to the gate(s). These devices were 
first referred to Odintsov et al. [O; here we develop a 
concept for their operation and make a preliminary eval- 
uation of the characteristics expected. 

As an example, Fig. || illustrates the basic electric cir- 
cuit of a three-junction R-pump. It comprises two islands 
supplied with the gates of capacitances C g \ , C g i <C Cj . 
These gates are driven by two harmonic signals, 



will be shown below, remaining intact in our case. The 
key elements of the R-pump are two resistors, R/2 each, 



Vl.2 — Voi,02 



Acos(2n ft ± -) 



(5) 



of the frequency / <C (RjCj) -1 and a relative phase shift 
9. Voltages Voi,o2 adjust the working point ensuring the 
pumping regime. Varying 9 in the range [90°, 180°] one 
can compensate an unavoidable cross-talk between the 
gates in such a way that polarization charges on the two 
islands alternate in time as quadrature components. This 
phasing ensures the optimum pumping cycle (see, for ex- 
ample, the review by Esteve |21[|), whose parameters, as 



i?^ < R < Rj 



(0) 



and this condition ensures establishing of the charge equi- 
librium in the circuit at the rate r _1 ~ (RCj)^ 1 ^ /. 
This means that the resistors carry current only during a 
short time ~ t after a tunneling event. Then the voltage 
drop across the resistors is zero and the chain of junc- 
tions is at zero bias, Vl = Vr = 0, similarly to the case 
of R = 0. 

The most important issue in the pump dynamics is the 
dependence of the electron tunneling rate T on the energy 
E gained in this event. In our case, T is expressed as a 
convolution integral 14 



/oo 
T (E')P 3 (E-E')dE', 
-OO 



where 



r (E) 



E 



? -Rj 1 - exp(-E/k B T) 



(7) 



(8) 



is the usual rate for R = 0. Similar to function P(E) of 
a single-junction circuit with resistor, the "environment 
function" P^{E) describes the absorption of energy in the 
three-junction circuit with resistor. In contrast to P(E) 
(see Fig. ||), P%(E) is generally a "more peaked" function 
with the peak position closer to the origin E = 0. This 
is because two additional junctions connected in series 
with resistor R (see the inset of Fig. |?]) considerably (by 
the factor of k\ — (1/3) 2 ) reduce the dissipative part of 
the impedance seen by the given junction. For not very 
large R, say, ~ (2 — 4)i£fc « 50 — 100 kO, this results in a 
dependence T(E) which is not very much different from 
ro(-E). This is illustrated in Fig. [7] for the ohmic resistor 
as well as for the i?C-line. One can see that at T = all 
three curves have the same onset threshold E = 0. 

From this consideration we can draw two important 
conclusions. First, the stability diagram of the R-pump 
in the plane of gate voltages V\ , V<z is the same as that 
of the ordinary pump [ pT| , i.e. it consists of hexagonal 
domains with the triple-points. The coordinates of these 
nodes are identical for the two devices, so there is no need 
to revise the pumping cycle parameters Voi, Vq2,A and 9. 
Secondly, the curves computed for T in the range of char- 
acteristic values of energy, < E < E ~ 0.2E C (depen- 
dent on the cycle parameters) fall below the dependence 
T = E/{e 2 R j ) given by Eq.(8) at T = and can be 
roughly approximated as T w E/(e 2 R') with R' ~ 2Rj 
and 3Rj for the i?C-line and the pure resistor, respec- 
tively. This means that the resistors somewhat hamper 
(slow down) the sequential electron tunneling in the R- 
pump, and a reduction of frequency / might be required 
to ensure reliable operation. 

To minimize the errors <5I m i S associated with missing 
the tunneling events, the operation frequency / should 
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be rather low. plT For the ordinary pump the condition 
/ « 2 x lO- 3 ^^)" 1 ensures the level |<5J mis |/7 < 1(T 8 . 
For the R-pump with R = 50 kf2, this condition reads 
/ « 2 x Kr^iJ'Q)- 1 « 30 MHz for R 3 = 200 kfi 
and Cj = 150 aF. This driving frequency corresponds 
to / w 5 pA. Although the larger values of i? apparently 
lead to an appreciable reduction of maximum /, the use 
of more low-ohmic junctions (Rj ~ 50 — 100 kfi) might 
possibly be allowed p2| , and this may provide a substan- 
tial velocity gain in the cycling rate. 

As to the errors associated with thermally acti- 
vated tunnel events with the magnitude \SIth\/I ~ 
exp(—E/kBT), they can also be made sufficiently low. 
With the state-of-the-art junctions of Cj f» 150 aF and a 
typical effective electron temperature of the small islands 
of about 60 mK ]21j] , we can reduce these errors below 
the level 10 -8 . Due to an appreciably larger volume of 
the resistors and their connection to external leads, their 
electron temperature is expected to be even lower. A 
possible excess shot noise in our regime of zero voltage 
(thermodynamic equilibrium) apparently is zero. 

Although the accurate evaluation of cotunncling re- 
lies on simulations based on the theory describing the 
practical case of the -RC-line, we present here an esti- 
mate for the pure resistance of the moderate value of 
R = 50 kfi, relying on the experimental fact that the 
effects of this resistance and of the i?C-line on cotunnel- 
ing are similar. For the aforementioned set of param- 
eters, viz. Cj = 150 aF, Rj = 100 ktt, T = 60 mK 
and V = [Vl - V R \ < k B T/e w 5 fiV, formulas Eq (9) 
of paper |L2] yield for N = 3 the rate of cotunncling 



through all three junctions, T, 



(3) 



This 



yield \SI^\/I = r^/f 



.(3) 



10~ n for / = 30 MHz. 
When electron is transferred across one of the junctions 
the cotunneling across two other junctions (in the oppo- 
site direction) with the rate r^ {. can occur instead. For 
this process the damping effect of the resistors is atten- 
uated by factor of k 2 = (2/3) 2 « 0.44 determined by the 
ratio of capacitances of the whole chain and of the pair 
of junctions, juj Evaluating along the lines of Refs. 
p2[ and J2j| leads for the aforementioned parameters to 
the relative errors of pumping ~ 10~ 8 . 

We conclude that the R-pump with realistic param- 
eters combines the potentially high accuracy, normally 
achievable in the many-junction (N = 6-7) devices, 
and the attractive simplicity of the three-junction de- 
vice. Its implementation is feasible within the framework 
of present-day fabrication technology and the standard 
measuring facilities for SET, which assume, in particu- 
lar, a reliable filtering of the microwave frequency noise 
(see, for instance, Ref. f24|| ). The work on the Al-Cr 
R-pump is presently in progress at PTB. p5f| 



V. CONCLUSION 

We have shown that compact (~ several /jm) Cr re- 
sistors of a magnitude up to 100 kf2 connected in series 
to a SET device can drastically improve the character- 
istics of this device, considerably suppressing the cotun- 
neling effect. Although our resistors had a substantial 
self-capacitance, the experimental data obtained are in 
a good agreement with theoretical predictions made for 
the pure ohmic resistance. Such a resistor can replace 
AN = z = R/Rk junctions in a SET circuit in which 
small cotunneling leakage is crucial. In particular, the 
R-SETs have a sharp Coulomb blockade corner in their 
I — V curves and, hence, they exhibit excellent modula- 
tion of voltage by gate at a very low level of bias current 
I. 

We showed that the implementation of a three-junction 
electron pump with on-chip resistors is feasible with the 
present fabrication technology. The accuracy of the 
controlled transfer of single electrons in this R-pump 
Qfil\/I < 10~ 8 ) is sufficient for important applications 
in metrology, for example, for the cryogenic capacitor 
charging experiment Jl9|. 

The obvious advantage of the R-pump consists in the 
minimum number of islands, namely N — 1 = 2. Besides 
the simplicity of the rf-drive (two phase-shifted signals 
only) this design drastically simplifies the adjustment of 
the offset charges on the islands by the gates. Moreover, 
a drift of these charges due to slow recharging processes 
in a substrate causing detuning of the pump is potentially 
smaller in the case of two islands of the R-pump. 
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FIG. 1. SEM image (a) and the electric measurement di- 
agram (b) of R-SET, i.e. the Al transistor equipped with 4 
identical Cr resistors. This arrangement is used for 4-point 
measurements of the transistor as well as for direct testing of 
the resistors. 



FIG. 2. The derivative of the current- voltage characteristic 
of two Cr resistors connected in series. The curve shows in- 
significant traces of the Coulomb blockade which may be due 
to the granular nature of the film. 

FIG. 3. The second derivative plot (symbols) of the cur- 
rent-voltage characteristic of an Al single junction equipped 
with four on-chip Cr resistors (similar to those fragmentarily 
shown in Fig. 1). The equivalent impedance of the junc- 
tion environment is determined by the impedance of a sin- 
gle strip whose equivalent electric circuit is shown in the in- 
set. Function P(E) (solid line) was computed for an iiC-line 
impedance for the given (measured) r = R/i and fitted c. 

FIG. 4. J - V characteristics (points) of three Al SET 
transistors in the Coulomb blockade regime in the normal 
state. The bare sample 1 was not equipped with resistors. 
Either of samples 2 and 3 (see their micrograph in Fig. 1) 
has four similar Cr microstrip resistors with a magnitude of 
about 40 kil and 80 kfi, respectively. The gate voltages were 
adjusted to maximize the Coulomb blockade. The voltage 
(Vb) and current (Jo) units are given in Table I. The solid 
straight lines show the theoretical dependence given by Eq.(l) 
for the values of 7} = R/Rk taken from dc measurements of 
R. 

FIG. 5. The electromagnetic impedance of a JiCTine mod- 
eling the typical Cr resistor (similar to that of transistor sam- 
ple 2) versus frequency. The upper scale is the conversion 
of frequency into the voltage units. The characteristic fre- 
quencies £Irc and Q c (see text) are shown by arrows. The 
quantum resistance level is shown by a dashed line. 

FIG. 6. The equivalent electric circuit diagram of a 
three-junction R-pump. 

FIG. 7. The rate of electron tunneling through a partic- 
ular junction of R-pump (modeled by the simplified network 
shown in the inset) versus the energy gain associated with 
this tunneling. The dashed line relates to a pure ohmic re- 
sistance of 50 kS7, while the solid line gives the data for the 
HC-line of similar dc resistance. The dash-dotted and dotted 
lines describe the ordinary case of the zero resistance R for 
the zero and finite temperature, respectively. The curves for 
R 7^ should be changed with temperature in a qualitatively 
similar way. 

TABLE I. Parameters of the transistor samples: J?e is the 
sum tunnel resistance; Cs , the total capacitance of the island. 
The evaluation of Ce for sample 1 was straightforwardly made 
from the offset voltage Vb = e/Cs, while for samples 2 and 
3 the finite environmental impedance corrections were taken 
into account. The current unit Jo = e Rk / (it z R%Cy.) ■ 
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Sample 12 3 

Resistance R s [kQ] 240 280 115" 

Capacitance C s [fF] 026 029 0.37 

Voltage unit V a [pV] 610 550 430 

Current unit Ig [pA] 28 18 8.5 

Resistance R [kfi] - 40 W 

V RC = Ml R c/e [fiV] - 30 15 

V c = hQ c /e [fxV] - 70 140 



G 



This figure "FIG1A.JPG" is available in "JPG" format from: 



http://arXiv.org/ps/cond-mat/99 1 2032vl 
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